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Catalysts for Underwater Micro-Vehicle Propulsion via H2O2
Decomposition
Abstract
Porous carbon is becoming an important and promising high-surface area scaffold material for various energy-
based applications including catalysis. Here we demonstrate the growth of urchin-like platinum nanoparticles
(PtNPs) on carbon monoliths derived from basswood that work as catalysts for micro underwater vehicle
(MUV) propulsion via H2O2 decomposition. The carbon monoliths were constructed of natural basswood
that was carbonized in argon (Ar) and subjected to a subsequent CO2 activation process that rendered the
material into a hardened 3D porous activated carbonized wood (ACW) with inner channel voids measuring
10-70 μm in diameter. The PtNP nanourchins (500 nm or less in total diameter, with individual nanospikes
measuring 3-5 nm in diameter) form on the ACW via a facile electroless and template-free chemical
deposition approach that utilized the reduction of chloroplatinic acid. The developed PtNP-ACW hybrid
material exhibited higher catalytic efficiency as compared to previously reported platinum (Pt) catalysts with
a low activation energy of 18.9 ± 2.5 kJ mol-1 for H2O2 decomposition. The catalyst also proved useful in an
important energy application by its ability to rapidly decompose H2O2 fuel and generate O2 gas for
propulsion of a 3D printed MUV prototype. The PtNP-ACW catalysts weighing only 0.14 g generated a
propulsion thrust of 230 mN, which is sufficient to power MUVs. The natural wood derived carbon scaffolds
significantly reduce the overall cost as compared to other carbon-based catalysts such as carbon nanotubes or
graphene without reducing catalytic efficiency. Hence such catalysts act as a stepping stone for potential low
cost and sustainable power for burst thrust operation of MUVs.
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Abstract
Porous carbon is becoming an important and promising high-surface area scaffold material for 
various energy-based applications including catalysis.  Here we demonstrate the growth of urchin-like 
platinum nanoparticles (PtNPs) on carbon monoliths derived from basswood that work as catalysts for 
micro underwater vehicle (MUV) propulsion via H2O2 decomposition.  The carbon monoliths were 
constructed of natural basswood that was carbonized in argon (Ar) and subjected to a subsequent CO2 
activation process that rendered the material into a hardened 3D porous activated carbonized wood 
(ACW) with inner channel voids measuring 10-70 m in diameter.  The PtNP nanourchins (500 nm or 
less in total diameter, with individual nanospikes measuring 3-5 nm in diameter) form on the ACW via a 
facile electroless and template-free chemical deposition approach that utilizes the reduction of 
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chloroplatinic acid.  The developed PtNP-ACW hybrid material exhibited higher catalytic efficiency as 
compared to previously reported platinum (Pt) catalysts with a low activation energy of 18.9 ± 2.5 kJ mol-
1 for H2O2 decomposition.  The catalyst also proved useful in an important energy application by its 
ability to rapidly decompose H2O2 fuel and generate O2 gas for propulsion of a 3D printed MUV 
prototype.  The PtNP-ACW catalysts weighing only 0.14 g generated a propulsion thrust of 230 mN, 
which is sufficient to power MUVs. The natural wood derived carbon scaffolds significantly reduce the 
overall cost as compared to other carbon-based catalysts such as carbon nanotubes or graphene without 
reducing catalytic efficiency. Hence such catalysts act as a stepping stone for potential low cost and 
sustainable power for burst thrust operation of MUVs.
Introduction
Porous carbon materials (PCMs), such as graphene, carbon nanotubes (CNTs), and natural 
organic derived carbon (e.g., wood1, leaf2, coconut husk fiber3), have been widely studied as electrode or 
catalysis materials.  Such materials have been used in numerous applications including energy storage4–9 
(e.g., electrochemical supercapacitors, batteries, and fuel cells), thermal management10–16,  and sensors17,18 
due to their high surface area, catalytic nature, high thermal/electrical conductivity, and biocompatible 
surface chemistry. Porous 3D graphene and CNTs are typically grown on porous metal templates (e.g. 
nickel foam) via low-throughput, expensive chemical vapor deposition (CVD) and post etching chemical 
processing.  Other researchers have developed non-CVD PCM fabrication protocols such as hydrothermal 
techniques in conjunction with post supercritical carbon dioxide (CO2) drying to transform graphene 
oxide or CNT hydrogels into free standing foams.19  These latter techniques are more amenable to high-
throughput foam production, however they still require the use of expensive carbon nanomaterials (viz., 
graphene and CNTs).  A potential low-cost alternative to these expensive carbon nanomaterials is 
carbonized wood. Carbonized wood is developed via a simple fabrication process that includes the use of 
pyrolysis, which has been used to convert woods into charcoals since ancient times. Recently, porous 
carbon monoliths synthesized via a pyrolysis method conducted within a controlled inert gas environment 
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has been used to create a variety of energy-related technologies including biodegradable supercapacitors, 
sodium-ion batteries, and reactors for catalytic steam reforming of biomass tar.20–23  However, to date, 
such carbonized wood materials have not been used as a catalyst or catalyst scaffold for the highly 
exothermic reaction of hydrogen peroxide (H2O2) decomposition for underwater vehicle propulsion.
The decomposition of H2O2 for various applications typically includes the use of catalysts such as 
manganese dioxide (MnO2)24,25, gold (Au)26, iron oxide (Fe2O3)27, potassium permanganate (KMnO4)28, 
potassium dichromate (K2Cr2O7)29, and other enzyme-based catalysts.30  However, these catalysts often 
degrade or are consumed during the reaction. Traditionally, platinum (Pt) catalysts have been used on the 
macroscale to propel rockets31 and submarines28,32 due to their robust and highly electrocatalytic nature 
during the highly exothermic reaction of H2O2 decomposition which produces both oxygen and steam. 
More recently, Pt-based catalysts have been scaled down to the micro/nanoscale for lower temperature 
applications that produce propulsion primarily via oxygen generation for use in more fragile, in-vivo 
environments, such as Pt-loaded stomatocytes33, micro/nanomotors for cell membrane penetration,34–36 
and rolled-up metal cones for propulsion of sensors.34,35 We have recently demonstrated how such Pt 
nanoparticles (PtNPs) deposited on paper, SiO2, and vertically aligned carbon nanotube arrays can also be 
used to create sufficient oxygen for small vehicle propulsion.29,37,38  However, the lack of catalytic surface 
area impeded the thrust generation capabilities of these catalysts.
Herein, we report for the first time the deposition of urchin-like PtNPs on high surface area 
carbonized wood scaffolds as a catalyst to propel micro underwater vehicles (MUV) via H2O2 
decomposition. Note that MUV refers to autonomous underwater vehicles that have dimensions from 
centimeters to about half a meter. 29,37,38  Natural basswood was carbonized in argon (Ar) and subjected to 
subsequent CO2 activation to form activated carbonized wood (ACW). PtNPs were then deposited onto 
the hierarchical porous structure of the activated ACW through the chemical reduction of chloroplatinic 
acid which is an electroless and template-free process. The CO2 activation step was shown to enhance the 
surface chemistry of ACW by introducing more C-O and C=O bonds, as well as increasing the porosity of 
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ACW, both of which are not only important for electroless PtNPs deposition but also for consequent H2O2 
decomposition. The deposited PtNPs achieved an activation energy of 18.9 ±2.5 kJ mol-1, which is among 
the best of all known catalysts for H2O2 decomposition. Consequently, the catalyst was able to generate a 
peak thrust of 230 mN with 50 % H2O2 injection in a prototype MUV. Hence, this work demonstrates that 
this one-step fabrication of ACW is capable of producing a light-weight, durable and high surface area 
scaffold for nanoparticle conjugation and subsequent use in highly exothermic reactions.
Methods
Fabrication of Carbonized Wood: The carbonized wood monolith was derived from natural basswood 
(Midwest products co., IN). The basswood slab was milled into disks with a diameter of 20 mm and a 
thickness of 3 mm by machine milling. The wood disks were then carbonized in a tubular furnace (MTI 
Corporation, Richmond, CA, USA) at 1000 °C for 6 hours under Ar to form carbonized wood (CW). 
These CW samples were then chemically functionalized or activated with oxygenated species to produce 
activated carbon wood (ACW) by heating the sample in a tubular furnace at 800 °C for 2 hours within a 
CO2 ambient. The hydrophobicity was tested by measuring the contact angle of the samples with 
deionized (DI) water.
Platinum Nanourchin Deposition: Both the CW and ACW were platinized via a chemical deposition 
process similar to our previous protocols.29,37,38   Briefly, the plating solution was prepared by adding 284 
mg of chloroplatinic acid hexahydrate (37.5% Pt, Sigma-Aldrich 206083) into 50 ml of DI water. The 
CW/ACW samples were placed into 20 ml glass vials, followed by adding 10 ml of the prepared Pt 
solution into each glass vial and then 1 ml of formic acid.  The pH was measured to be 1.43 after adding 
formic acid. The vials were then sealed with paraffin. The color change of solution from amber to clear 
indicated the end of the PtNP deposition process and produced Pt nanourchins throughout the pores of the 
ACW.
Activation Energy Evaluation: The activation energy of the catalyst was evaluated by performing the 
H2O2 decomposition reaction in an airtight chamber similar to our previous protocols.38 Briefly, two 125 
Page 4 of 26
ACS Paragon Plus Environment
ACS Applied Nano Materials
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
Page | 5 
mL glass flasks, one with PtNP-ACW and one without were sealed with septa and placed in a controlled 
temperature water bath (0 °C, 17.5 °C or 35 °C). A monometer was connected to both chambers to 
monitor the differential pressure as 10 mL of 1 wt% H2O2 was injected into both chambers 
simultaneously. The differential pressure due to the decomposition of H2O2 by catalyst was then 
monitored and used later for activation energy calculations.
Scanning Electron Microscopy (SEM): SEM images were taken by an FEI Quanta 250 FEG Scanning 
Electron Microscope at a 10 kV accelerating voltage. A 2 nm iridium layer was coated on the sample 
before imaging for better contrast. 
The X-ray photoelectron spectrums (XPS): XPS measurements were performed using a PHI ESCA 5500 
instrument. The sample was irradiated with 200 W unmonochromated Al Kα x-rays. The pass energy was 
set at 188 eV for survey scans and 47 eV for high resolution scans. CasaXPS was used to process raw 
data files.
Contact angle measurement: Contact angle of water on samples was measured using a Goniometer 
(Ramé-Hart 100-00). A droplet of 1.5µL water was dispensed onto the sample surface through an 
integrated syringe pump.  Images of the contact angle were generated and analyzed using DropImage® 
software, where the value of the contact angle was estimated automatically.
Nitrogen adsorption characterization: Nitrogen adsorption-desorption analysis was performed on a 
Micromeritics TriStar II Plus porosimeter at 77 K (Micromeritics Instrument Corporation, Norcross, GA, 
USA). Prior to characterization, samples were heated at 80 C under flowing N2 for approximately 24 h 
using a Micromeritics VacPrep 061 sample degas system. Specific surface area was calculated using the 
Brunauer-Emmett-Teller (BET) method, micropore surface area was estimated using the t-plot method, 
and single point total pore volume was determined at relative pressure (P/P0) 0.97. 
MUV fabrication and testing: The MUV was designed in Autodesk Inventor, a computer aided design 
(CAD) program, and subsequently uploaded into an Objet500 Connex 3D Printer to print the MUV with a 
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PMMA-like resin.  The MUV was designed to rigidly attach to the strain gauge to measure underwater 
vehicle thrust via the decomposition of H2O2 with the developed catalyst. Once fabricated, the MUV was 
attached to a 0.43 m rigid arm via screw thread fastening and submerged in a tank filled with 250 gallons 
of water. The opposite end of the arm was attached to a torque transducer (Interface model 5350-50:50 
oz-in sensor) mounted above the water tank. The transducer was capable of measuring torque moments 
about the neutral axis of the MUV within a 0.001 N·m tolerance, and the readings were sent to a desktop 
computer. The thrust produced by the MUV was calculated from the torque readings. High-purity 50% 
H2O2 solution was pumped into the reaction chamber with a 100 mL syringe through a high strength 
silicone tube (dia. 0.375 in./9.525 mm) fitted to the reaction chamber via a plastic barbed fitting. A steady 
flow rate between 10-11 mL/s was produced by a 10 lb weight pressing down on the syringe plunger.
Results and Discussion
The Pt nanourchin decorated porous carbonized wood was prepared following the fabrication 
steps highlighted in Figure 1 and in the Methods section. Briefly, a basswood (a low density, highly 
porous wood39) slab is cut into disk shapes and carbonized in a quartz tubular furnace for 2 hours at 
1000 °C under Ar atmosphere to form ACW. The weight of CW was reduced by 43% through the 
carbonization process from an average of 2569 mg to 1456 mg with a slight shrinkage compared to raw 
wood due to the removal of hydrogen and oxygen containing groups during the thermal furnace treatment 
(Figure S1).  Then, the CW is placed in a glass vile and 10 ml of the prepared Pt deposition solution is 
introduced to the vile. The sample without CO2 activation namely CW floats on the deposition solution 
which leads to insufficient contact with the Pt solution for effective plating.  However, the fully immersed 
ACW sample absorbs the Pt solution and consequently permits uniform Pt nanourchin deposition on all 
the exposed surfaces including the inner pores of the ACW. 
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Figure 1. Fabrication schematic of the PtNP-ACW samples with and without post CO2 activation. The 
surface wettability of both the CW and ACW samples were next analyzed.  
As alluded to previously, the capillary force in the CW sample is not sufficiently strong to 
counter the surface tension and hence the sample tends to float on the plating solution. This is mostly 
likely due to the hydrophobic nature of the CW sample which exhibits a water contact angle of 80° (Fig. 
2c) (see Methods section). To reduce this hydrophobicity, the CW samples are activated by CO2 at 800 °C 
for 2 hours to form activated carbonized wood (ACW). The ACW does not show obvious size and 
morphology changes compared to CW but after this thermal activation process the weight of the CW is 
further reduced by about 32 wt%. The decrease of sample weight could be ascribed to the reaction of C 
and CO2 to form CO at elevated temperatures (gasification of C). After CO2 activation, water droplets are 
quickly absorbed by the ACW sample during contact angle measurements (Figure 2d & Video S1). Such 
high hydrophilicity is critically important to the subsequent chemical deposition of PtNP urchins onto 
these wood-based catalysts as illustrated below. Moreover, such hydrophilicity facilitates the contact 
between the peroxide fuel and the catalyst, which improves the effectiveness of the catalyst as noted in 
subsequent experiments.
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Figure 2. (a) XPS of raw wood (black), carbonized wood (red) and activated carbonized wood (blue). (b) 
XPS C1s of CW and ACW. (c) Contact angle of water droplet on CW and (d) water instantly absorbed by 
ACW (no contact angle measurement possible).
X-ray photoelectron spectroscopy (XPS) was next performed to characterize the surface chemical 
compounds of samples (see Methods section).  The XPS of raw wood displayed the nature of organic 
composite for wood, mainly carbon and oxygen (Fig. 2a). After carbonization, the O1s peak of CW is 
significantly reduced, which reveals the successful carbonization of organic components such as cellulose 
and lignin. The small oxygen peak on CW could be ascribed to the slight sample oxidation in ambient 
conditions. The ACW shows an increased O1s peak compared to the CW and the full width of half 
maximum of C1s changes from 1.5 eV (CW)  to 1.9 eV (ACW), indicating the increase of oxygen 
containing groups on ACW (Figure. 2a&b). More defects are introduced on the ACW, which benefits the 
growth of PtNPs by creating more nucleation sites for Pt seeds.
Next, the PtNP-ACW catalysts were analyzed via scanning electron microscopy (Fig. 3).  The 
structure and internal channels of the basswood were retained even after carbonization (Figure 3a-b). The 
diameters of the channels of the basswood ranged from 10-70 m. To investigate the deposition of Pt on 
the CW, SEM images were also taken after platinization (Figure 3c-e). A layer of PtNP urchins less than 
500 nm in diameter per urchin with single nanospikes measuring 3-5 nm in diameter38  grew on the 
surface of the ACW including the inside channels (Figure 3d) and were similar in morphology to PtNP 
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urchins grown on vertically aligned arrays of carbon nanotubes29 and planar sheets of paper38. The PtNPs 
exhibit a relative uniform distribution across the surface of ACW as displayed by Energy-dispersive X-
ray spectroscopy (EDS) and Pt element mapping (Figure S4 & S5).  The PtNP-ACW samples have an 
average mass of 57 mg with 17 mg Pt loading (30 mg was the original weight of ACW before PtNP 
deposition), which is 29.8 wt% of the total catalyst weight. The particles have an urchin-like shape with 
numerous needles spiking out from the center (Figure 3f). In contrast, the CW sample without CO2 
activation floats on the chemical deposition solution which limits the deposition of PtNPs due to the low 
surface energy of amorphous carbon formed at high temperature with little defects.  Therefore, activating 
the CW to form ACW was a critical step to permit subsequent PtNP urchins from growing through the 
channels of the ACW.
Figure 3. SEM images of (a-b) carbonized wood; (c-d) PtNPs decorated on the ACW;  and (e-f) high 
magnification image of PtNPs on the ACW surface.
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The surface area of each sample was also characterized through the Brunauer-Emmett-Teller 
(BET) method. A low surface area of 1 m2/g was measured for natural basswood (Table 1). 
Carbonization under Ar at 1000 C resulted in a surface increase to 457 m2/g and a total pore volume of 
0.303 cm3/g. CO2 activation further increased the surface area and pore volume values to 571 m2/g and 
0.414 cm3/g, respectively. Platinization did not significantly change the measured surface area (560 m2/g) 
and pore volume (0.325 cm3/g) of the ACW. However, the slight decrease in surface area is possibly due 
to the inner cavity growth of PtNPs which probably blocked or filled some of the mesopores of the ACW.  
The nitrogen adsorption isotherms of CW, ACW, and PtNP-ACW displayed immediate uptakes at low 
relative pressures (P/P0 < 0.1) consistent with microporous (< 2 nm) materials. Unlike a typical type I 
isotherm that shows a plateau after filling of the micropores, the isotherms obtained for the wood-based 
products showed gradual increases in adsorption throughout the mid- to high-pressure ranges and 
hysteresis between the adsorption and desorption branches (Figure S2). This indicated the existence of 
mesopores (2-50 nm) complementing the micropores. Subtraction of micropore areas determined by the t-
plot method from the BET surface areas also suggests contributions from mesopores.  
Table 1. Specific surface area, microporous surface area and total pore volume of raw wood, 
CW, ACW and PtNP-ACW.
Material BET specific surface 
area 
(m2 g-1)
Microporous surface 
area 
(m2 g-1)
Total pore volume
(cm3 g-1)
Raw wood 1 - -
CW 457 303 0.303
ACW 571 340 0.414
PtNP-ACW 560 370 0.325
Next, the catalytic efficiency of the PtNP-ACW catalysts towards H2O2 decomposition was 
evaluated and compared to similar nanostructured catalysts. This catalytic efficiency was evaluated by 
monitoring the pressure difference created when the same amount of PtNP-ACW was exposed to sealed 
flasks containing 1 wt% H2O2 in DI water at 3 different temperatures (0, 17.5, 35 °C) versus a control 
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flask containing 1 wt% H2O2 in DI experiencing the same conditions but without catalyst (see Methods). 
Two 125 mL round flasks were placed in the same water bath at the desired temperature on a hot plate, 
one containing the PtNP-ACW and the other empty as a control. After the flasks were sealed with septa, 
10 mL of 1 wt% H2O2 was injected into both flasks with a syringe. The pressure difference between two 
flasks from O2 generation during the reaction (Eq. 1) was recorded by a monometer.  
                                                              (1)2𝐻2𝑂2 → 2𝐻2𝑂(𝑙) + 𝑂2(𝑔)
Three PtNP-ACW samples were tested at each temperature and the average resultant pressure vs. time 
curve was plotted (Figure. S3a). The ideal gas law (PV= nRT) was used to convert pressure differences 
into moles of O2 released from decomposition, where P is the pressure difference (Pa), V is the volume of 
the flask (125 mL), n is the mole of oxygen released from H2O2 decomposition, R is the gas constant 
8.314 J/(mol∙K) and T is the reaction temperature (K). The rate of H2O2 consumed was then derived from 
the rate of O2 generated (equation 1). The kinetics of decomposition was then calculated by applying the 
rate equation for first order reactions (equation 2).
                                                                      (2)Ln ( [𝐻2𝑂2][𝐻2𝑂2]𝑂) =  ― 𝑘𝑜𝑏𝑠𝑡
Here kobs is the reaction rate constant and t is the reaction time (s). The natural log of H2O2 concentration 
vs. time was plotted (Figure. S3b) to get  value (the slope of the plot). The activation energy (Ea) of 𝑘𝑜𝑏𝑠
H2O2 decomposition was then calculated by applying the Arrhenius equation (equation 3),
                                                                              (3)𝑘𝑜𝑏𝑠 = 𝐴𝑒 ― 𝐸𝑎𝑅𝑇
Where A is the pre-exponential factor and Ea is the activation energy of the reaction. By taking the natural 
log of both sides of the equation (3), it can be rewritten as 
                                                                       (4)ln (𝑘) = ― 𝐸𝑎𝑅 1𝑇 + ln (𝐴)
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Natural log of reaction rate constant (k) was plotted vs 1/T, and the slope of the plot was used to calculate 
Ea (Figure. S3c). 
The kinetics of H2O2 decomposition by PtNP-ACW is summarized in Table 2.
Table 2. The reaction rate constant, activation energy, and pre-exponential factor of H2O2 decomposition.
Temperature (°C) Kobs (S-1 * 10-3) Ea (kJ mol-1) A (S-1)
0 0.8 18.96 3.2
17.5 1.3
35 1.9  
The Ea calculated for the PtNP-ACW catalyst (18.96 kJ mol-1) is among the lowest Pt catalysts for H2O2 
decomposition in the literature including those comprised of Pt-papers (29.5 kJ mol-1)38, Pt-CNTs (26.96 
kJ mol-1)29 and Pt-glass microfibers (35.5  kJ mol-1)37. This could be attributed to the large surface area of 
ACW after CO2 activation and the dense Pt nanourchins covering all exposed surfaces of the ACW. 
Figure 4. (a) Optical image of MUV propulsion test setup. (b) Thrust data derived from strain gauge 
reading. (c) Pressure plot for PtNP-ACWs in 1% H2O2 after cyclic dipping in 50 wt% H2O2 (x-axis) and 
(d) bar chart of resultant pressure within 1% H2O2 at 60 seconds and 120 seconds acquired from the start 
of the reaction and also acquired after cyclic dipping in 50 wt% H2O2 (x-axis).
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To evaluate the performance of PtNP-ACW catalyst for practical underwater propulsion 
applications, a 3D printed MUV was developed with a detachable catalyst chamber (1.75 cm by 1.5 cm 
by 3 cm) to hold catalysts with a 1cm diameter (Figure 4a). The MUV has three openings located at front, 
top and back of body. The front opening is connected to a syringe-fed tube for H2O2 fuel injection. The 
top opening is connected to a strain gauge to measure the propulsive thrust generated by the H2O2 
decomposition inside the catalyst chamber while the opening at the back is for O2 exhaust. Eight PtNP-
ACWs with average Pt loadings of 17 mg each are loaded into the chamber and inserted into the MUV. 
Then, the chamber is fed with 50 % H2O2 at a flow rate of 10 mL s-1. Thrust generated from 
decomposition of H2O2 is measured by the strain gauge and plotted in Figure 4b. Three runs of propulsion 
tests were carried out with each sample catalyst. The measured thrust was about 150 mN and 160 mN 
with a peak thrust about 230 mN, which outperforms our previous catalysts based upon PtNPs 
immobilized on SiO2 microfibers (26.9 mN)37 and is comparable with more expensive carbon-based 
catalysts comprised of PtNPs immobilized on vertically-aligned arrays of carbon nanotubes (209 ± 49 
mN) grown through a high-temperature chemical vapor deposition process29.  The average velocity for the 
MUV was calculated to be 8.3 m s-1 by using the steady-state thrust equation 
(4)𝑣 = 2𝑇𝐶𝐷𝜌𝐴                                                                                
where T (160 mN) is the thrust generated by H2O2 decomposition with a drag coefficient (0.04) for a 
cylindrical body with a diameter-to-length ratio of 1:6,  is the density of water and A is the cross-
sectional area of the MUV (9.7 cm2). Hence the MUV can move for 85 m at a constant speed of 8.3 m s-1 
during the test condition. Moreover, the H2O2 flow rate used in this experiment was 10 mL/s and the fuel 
release time was approximately 10 seconds.  Hence, a 100 mL on-board chamber would be necessary to 
store the fuel for such pulsatile thrust.  
To further investigate the durability of the catalyst, the PtNP-ACW samples were repeatedly 
dipped into 50 wt% H2O2 for 30 seconds for a number of cycles (5, 10, 15 ,20, and 25 cycles 
respectively).  After each cycle the efficiency of the catalyst was analyzed in a similar manner as before, 
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that is the catalyst was exposed to 1% H2O2 inside a septum sealed 125 ml flask while dynamic pressure 
measurements are recorded for this flask and a control flask experiencing the same conditions but without 
catalyst. The generated differential pressure acquired from these experiments (for a duration of 120 
seconds) demonstrate no significant change of pressure for three repeated trails (Figure 4c). Furthermore, 
the decomposition pressure acquired at 60 seconds and 120 seconds in 1% H2O2 but after each set of 
cyclic dips in 50 wt% H2O2 are plotted (Figure 4d). An average pressure of 4.23 ±0.43 kPa at 60 second 
and 8.16 ± 0.66 kPa at 120 second is observed; minimal changes in pressure are observed after repeated 
catalyst use. Energy-dispersive X-ray spectroscopy (EDS) analysis also demonstrates the presence of Pt 
on the PtNP-ACW samples before and after these cyclic experiments (Figure S4).  Hence, the PtNP-ACW 
catalysts are considered robust and do not degrade after the repeated use demonstrated here.
Conclusion
In this work, a porous carbon matrix was developed from natural wood and chemically 
functionalized or activated with oxygenated species through a CO2 activation step.  This activation step 
significantly increased the hydrophilicity of the carbonized wood and permitted the formation of urchin-
like PtNPs; the water contact angle was reduced from approximately 60° to 0° after the CO2 activation 
step producing activated carbonized wood (ACW). The urchin-like PtNPs (500 nm or less in total 
diameter, with individual nanospikes measuring 3-5 nm in diameter) form on the ACW via a facile 
electroless and template-free chemical deposition approach that utilized the reduction of chloroplatinic 
acid.  The resultant catalyst shows higher catalytic performance compared to similar PtNP urchins 
deposited on more expensive carbon matrices such as carbon nanotube arrays, silicon oxide microfibers, 
and cellulose films.   The PtNP-ACW requies only 30-40% of activation energy compare to other 
nanostructured and conventional catalysts for H2O2 decomposition. The ability of PtNP-ACW to act as a 
chemical motor for propulsion was demonstrated with a micro underwater vehicle (MUV). The MUV 
contains eight individual PtNP-ACW samples which generated a peak thrust of 230 mN from rapid H2O2 
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decompositions and subsequently could propel the MUV with an average speed of 8.3 m s-1 even after a 
second cycle. The use of carbonized wood provides a low-cost high surface area scaffold for nanoparticle 
catalyst and potentially allows for the recovery of precious metal catalysts, such as platinum, due to the 
degradable nature of the wood.  Moreover, low-cost production of these porous carbonized wood 
scaffolds is also expected to benefit the development of electrode materials for energy storage21 and water 
desalination;40 smart building technologies used in noise reduction and thermal management systems;41 as 
well as electrochemical biosensors42,43 and fuel/biofuel cells.44,45
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TOC figure 
TOC Caption:  A green catalyst scaffold comprised of carbonized mesoporous basswood is platinized 
with platinum nanourchin structures.  This nanostructured and robust catalyst is capable of propelling a 
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small micro underwater vehicle with a velocity of 8.3 m/s by rapidly generating oxygen gas via hydrogen 
peroxide decomposition. 
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 TOC Caption:  A green catalyst scaffold comprised of carbonized mesoporous basswood is platinized with 
platinum nanourchin structures.  This nanostructured and robust catalyst is capable of propelling a small 
micro underwater vehicle with a velocity of 8.3 m/s by rapidly generating oxygen gas via hydrogen peroxide 
decomposition. 
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 Figure 1. Schematic shows the process of fabricating PtNP-ACW samples with and without post CO2 
activation 
254x90mm (300 x 300 DPI) 
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 Figure 2. (a) XPS of raw wood (black), carbonized wood (red) and activated carbonized wood (blue). (b) 
XPS O1s of CW and ACW. (c) Contact angle of water droplet on CW and (d) water instantly absorbed by 
ACW (no contact angle measurement possible). 
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 Figure 3. SEM images of (a-b) carbonized wood; (c-d) PtNPs decorated ACW; (e-f) high magnification 
image of PtNPs on ACW surface. 
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 Figure 4. (a) Optical image of MUV propulsion test setup. (b) Thrust data derived from strain gauge 
reading. (c) Pressure plot for PtNP-ACWs in 1% H2O2 after cyclic dipping in 50 wt% H2O2 (x-axis) and (d) 
bar chart of resultant pressure within 1% H2O2 at 60 seconds and 120 seconds acquired from the start of 
the reaction and also acquired after cyclic dipping in 50 wt% H2O2 (x-axis). 
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